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Abstract There are always some local damages in spatial steel structures induced by strong earth-
quakes, such as welding cracks of steel nodes, anchor loose of supports etc. If these local damages
of spatial steel structures occur, there will be serious dangers to the structural safety. In order to
detect the position of local damage under earthquake quickly and accurately, the method of support
damage diagnosis of spatial steel structures under earthquakes is studied by using wavelet packet
decomposition, data fusion and cluster analysis. Furthermore, a scale model of spatial steel structure
was tested on a seismic simulation shaking table to detect the position of damaged support. Results
show that the damaged support position can be detected accurately by using the method proposed
in this paper, which has practical applications to the damage detection of spatial steel structures.
c© 2011 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1103102]
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Under strong earthquakes, there are always some
local damages of the spatial steel structure, such as
welding cracks of steel nodes, anchor loose of supports
because of material corrosion, construction technology,
etc.1 However, these local damages are always easily
ignored, which has vital impact on the safety of spa-
tial structures. However, detection about the support
damage of spatial structure is hard to solve because of
multi-degrees of freedom of the spatial structure and
complicated nonlinear phenomena occurring during the
earthquakes. Because the dynamic behavior of inelastic
structures during an earthquake is complicated,2 stan-
dard modal properties such as natural frequencies and
mode shapes are poor indicators of damages,3 which
may lead to failure in locating damage in a complex
structure since the modal parameter has only global
nature.4 In recent years, the damage identiﬁcation us-
ing structural dynamic responses based on the wavelet
packet energy spectrum method has received growing
interest in the ﬁeld of structural health monitoring of
civil engineering structures.5−7 Wavelet packet analy-
sis is thus capable of revealing some hidden aspects of
data that other signal analysis techniques fail to de-
tect. However, few studies have been carried out us-
ing this technique on the damaged support detection of
spatial steel structure. In this paper, a wavelet packet
based method is proposed to detect damage supports
in spatial steel structures subjected to an earthquake
excitation by using vibration measurement data col-
lected, into which data fusion and clustering analysis
are also incorporated. Through the shaking table test,
it is demonstrated that the proposed method can clearly
detect the position of the damaged support.
The changes of structural frequencies using the
Fourier transform have been studied with the tradi-
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tional damage detection method; however, in practical
application if the frequency and position of the excita-
tion force were not reasonable, the obtained structural
response might not reﬂect structural damage status.8
The resultant changes of frequencies are small for tiny
structural damages, and thus easily concealed by noise.
Meanwhile, frequencies of spatial steel structure are
dense. Dense modal parameter identiﬁcation is hard to
solve using the Fourier method. Comparing the Fourier
transform with Wavelet transform method, the result
showed that the wavelet analysis yielded a clear diﬀer-
ence of frequency components between the undamaged
and damaged structure.9 Based on the wavelet analysis,
the wavelet packet energy spectrum was extracted for
structural health monitoring.3 According to the change
of wavelet packet energy distribution obtained by ac-
celeration data, small damage of spatial steel structures
can be found.
After performing wavelet packet transform (WPT)
up to the jth level, the original signal f(t) can be repre-
sented as a summation of all wavelet packet components
at the jth level as10
f(t) =
2j∑
i=1
f ij(t) (i = 1, 2, · · · , 2j). (1)
Energy of the ith component in the jth level can be
computed by the following equation, where f ij(t) is the
ith frequency band components of the original signal
Ei =
∫ ∞
−∞
[f ij(t)]
2dt (i = 1, 2, · · · , 2j). (2)
So E = {Ei} (i = 1, 2, · · · , 2j) can be deﬁned as the
wavelet packet energy distributions with respect to dif-
ferent frequency components. Early results have shown
that the energy distributions of frequency bands un-
der good and damaged conditions are diﬀerent. So the
damage index is deﬁned as
Ti = |Eid − Eig| /max(|Ed − Eg|) (3)
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Here Eid is energy of the ith component in damage con-
dition, and Eig is energy of the ith component in a good
condition. Then the energy of all wavelet packet com-
ponents is showed as
T = {Ti} (i = 1, 2, · · · , 2j). (4)
The damage index T shows the change of wavelet
packet energy calculated from the vibration accelera-
tion signals in both the period of before and after the
earthquake.
In order to detect accurately the damage of spa-
tial steel structure under an earthquake, the accelera-
tion signals should be used eﬀectively. The data fusion
method can be used to solve the problems. and the
weighted average method is used. According to vari-
able amplitude of band energy under each order in the
damage index, the weight coeﬃcient ωj can be calcu-
lated as11
ωj = σj/
n∑
i=1
σi, (5)
where σj is variance of all the band energy change be-
tween the values before and after the earthquake cal-
culated from vibration signal from the jth accelera-
tion sensor and n is the number of acceleration sensors.
Then, the updated damage index in the ith component
of wavelet packets for data fusion is shown as
Tfi =
n∑
j=1
ωjTij . (6)
Clustering analysis is the last and the most impor-
tant step of the damage diagnoses method. The shortest
distance principle of clustering analysis is used.12 More
samples are established using data from a simulation
model about some diﬀerent damage support positions.
Through the data fusion, the updated damage index of
the sth sample is calculated as
Ts = [T1, · · ·, Ti]s (i = 1, 2, · · · , 2j), (7)
where j is the level component of wavelet packet.
At last, the distance between the damage indexes
under sampling and real damage conditions is calculated
as
Ps = 100
⎛
⎝ 2
j∑
i=1
(Tfi − Tsi)2
⎞
⎠
1/2
, (8)
where Tfi is the ith level component of the updated
damage index, which is calculated from the real damage
structure during the exaction.
The damage condition with Ps as the smallest value
is considered to occur most likely, which has the high-
est possibility among diﬀerent damage samples. So the
damage position when P = min
1≤s≤m
Ps is considered as a
real damage condition, where m is the number of dam-
age samples.
Fig. 1. Test model.
Table 1. Similitude-scaling relationship between the model
and its prototype
Physical quantity Formula Value
Length lr 0.025
Equivalent modulus Er 0.300
Equivalent density ratio ρr 8.493
Time tr = lr
√
ρ¯r/Er 0.133
Displacement rr = lr 0.025
Velocity νr = E
0.5
r ρ
−0.5
r 0.188
Acceleration ar = Erρ
−1
r l
−1
r 1.413
Frequency ωr = l
−1
r E
0.5
r ρ
−0.5
r 7.517
The test model of Shenzhen International Airport
Terminal III was built on a 5 m × 5 m shaking test ta-
ble at a 1/40 scale. The test model is shown in Fig. 1.
The shaking table has a capacity of three directions vi-
bration. Because of construction in a small model size,
the two-layer skew crossing lattice grid was simpliﬁed
to a single-layer. The real structure has twenty-four
spring-damping supports, eight steel tie rods and four
Y-model supports. These supports were simpliﬁed and
constructed to make the model’s structure as realistic
as possible. Dead weight of steel structure model was
0.16 t; matching weight of test model was 0.9 t. The
matching weight was distributed uniformly on the node
of upper chord. Test model parameters are shown in
Table 1, which are calculated by additional artiﬁcial
weight principle.
The measurement points were designed to distin-
guish some basic mode shapes and large vibration am-
plitude of structure. Seven sensors are Force-balance
acceleration sensors, which were set up on the lattice
of the structure. Four sensors are piezoelectric accel-
eration sensors, which were on the Y-model column
supports. The distribution of all acceleration sensors is
shown in Fig. 2. The test data of the vertical accel-
eration sensors of undamaged structure are shown in
Figs. 4 and 5.
The numerical simulation of the test model is car-
ried out with Midas software. The section of truss ele-
ments is a rectangular steel bar 10× 10. The section of
single-layer skew crossing lattice grid elements is φ3.5×
3.5, and the elastic modulus is E = 2.06 × 1011 N/m2.
The ﬁnite element model of the support is shown in Fig.
6. Supports are simulated as elastic elements as shown
in Fig. 7. The property parameters of undamaged sup-
port are listed in Table 2, where SDx is deﬁned as the
x-direction axial stiﬀness of support and SRx is deﬁned
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Fig. 2. The distribution of sensors.
Fig. 3. The distribution of elastic supports.
as the x-direction rotation stiﬀness of the support.
Research shows that the joint stiﬀness is inﬂuenced
by the joint rigid zone and distribution of weights, which
are the main inﬂuence factors in the numerical simula-
tion. Because of the small scale of test model, the joint
is stimulated as a single rigid connection with no inﬂu-
ence on the joint rigid zone. Then the distribution of
weight of the test model is only a modiﬁed parameter.
After repeated adjustment of the distribution of weight,
an accurate model is achieved, with frequencies shown
in Table 3. The simulated model of the test structure
is shown in Fig. 8. The frequencies of test structure at
undamaged condition is calculated by using the power
spectrum method, and the results are shown in Figs. 9
and 10.
To detect the position of the damage support, eight
Fig. 4. The vertical acceleration of sensor No.1.
Fig. 5. The vertical acceleration of sensor No.2.
diﬀerent positions of simulated damage are set up, as
shown in Fig. 3. Damaged supports are simulated by
reducing rotation stiﬀness. According to the symmetry
of the model, one may rest assured to use the eight
damaged support positions in the sample database to
detect the accurate position of damaged support. The
value of Ps are calculated by using Eq. (8) from ZS1 to
ZS8 positions.
One support damaged at position ZS0 after an
earthquake was found in the shaking table test, which
was shown in Fig. 5. The accelerations of nodes un-
der white excitation before and after the damage are
used to calculate frequency band energy distribution,
and the result at the z-direction of No.1 node is shown
in Fig. 11, the last eight band energies are not listed
because of their small values. The db25 wavelet is used
and the number of decomposition level is four. The
main three order band energy value change of the dam-
Fig. 6. The simulation of elastic supports.
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Table 2. The physical value of simulated elastic supports
Elastic support/
direction
SDx/
(kN·m−1)
SDy/
(kN·m−1)
SDz/
(kN·m−1)
SRx/
(kN·m·rad−1)
SRx/
(kN·m·rad−1)
SRx/
(kN·m·rad−1)
Elastic support/x 28.74 1 000 000 1 000 000 0 1 000 000 1 000 000
Elastic support/y 1 000 000 28.74 1 000 000 1 000 000 0 1 000 000
Fig. 7. The damage support.
Table 3. The frequencies of the test model and the simulated
model
Vertical
mode
Frequency of
test/Hz
Frequency of
simulation
model/Hz
Error
ratio/%
V1 6.670 6.625 −0.67
V2 7.140 7.126 −0.20
V3 10.01 9.997 −0.13
Fig. 8. Simulated model.
Fig. 9. The power spectrum of sensor No.1.
Fig. 10. The power spectrum of sensor No.2.
Fig. 11. The frequency band energy before and after the
support damage.
aged structure based on shaking table test and the dam-
age index from eight samples are calculated using Eqs.
(6) and (7), as shown in Table 4. Furthermore, with the
method of detecting damage supports based on cluster
analysis, the cluster result is shown in Table 5, where
Ps are calculated using Eq. (8). The shortest distance
occurred in ZS2 condition, so the position of damage
support is diagnosed at the second truss in positive y-
direction. The analysis result is accurate as compared
with the result of shaking table test.
An eﬀective method of detecting the supports dam-
age of spatial steel structures are proposed with wavelet
packet and clustering analysis in this paper. The dam-
age index using wavelet packet method is sensible to the
support damage detection, and the complexity induced
by numerous acceleration sensors is solved by data fu-
sion method, which is suitable for the long spatial steel
structure adopted in engineering practice. The damage
detection time is shortened by using clustering method
compared with neural network and other methods.
Based on the result of the shaking table test of Shen-
zhen airport terminal, the method is considered to be
eﬀective and easy to be used in practical applications.
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Table 4. The main three band energy change value of damage index
Ti ZS0 ZS1 ZS2 ZS3 ZS4 ZS5 ZS6 ZS7 ZS8
T1 0.569 15 0.291 70 0.327 47 0.293 21 0.293 99 0.292 37 0.290 96 0.250 96 0.263 12
T2 0.403 63 0.030 54 0.115 16 0.030 62 0.030 64 0.030 57 0.030 46 0.031 22 0.034 20
T3 0.773 47 0.929 83 0.947 48 0.929 81 0.930 25 0.929 79 0.931 64 0.961 64 0.955 21
Table 5. The damage index of clustering analysis
Damage position ZS1 ZS2 ZS3 ZS4
Ps 49.053 41.461 48.962 48.930
Damage position ZS5 ZS6 ZS7 ZS8
Ps 49.012 49.159 52.473 51.299
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